High-Purity Gallium Analysis By Inductively Coupled Plasma Mass Spectrometry by Min, Kyungjean
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
Fall 2014
High-Purity Gallium Analysis By Inductively
Coupled Plasma Mass Spectrometry
Kyungjean Min
Purdue University
Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Materials Science and Engineering Commons, and the Organic Chemistry Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation



















To the best of my knowledge and as understood by the student in the Thesis/Dissertation Agreement, 
Publication Delay, and Certification/Disclaimer (Graduate School Form 32), this thesis/dissertation  
adheres to the  provisions of Purdue University’s “Policy on Integrity in Research” and the use of 
copyrighted material. 
Kyungjean Min
HIGH-PURITY GALLIUM ANALYSIS BY INDUCTIVELY COUPLED PLASMA MASS
SPECTROMETRY






David F. Bahr 12/08/2014
i 
HIGH-PURITY GALLIUM ANALYSIS BY INDUCTIVELY COUPLED PLASMA 
MASS SPECTROMETRY 
A Thesis 




Kyungjean Min  
In Partial Fulfillment of the 
Requirements for the Degree 
of 
Master of Science in Materials Science Engineering 
December 2014  
Purdue University 
West Lafayette, Indiana 
ii 
 







     Support for this research from the W. M. Keck Foundation and the Bisland Fellowship 
at Purdue University is gratefully acknowledged. 
     I am truly grateful to my major professors, Prof. David Johnson and Prof. Kevin 
Trumble, for their warm guidance and support. I am also grateful my committee member, 
Professor Eric Kvam. I would like to thank Dr. Karl Wood and Ms. Arlene Rothwell in 
the department of Chemistry, ICP-MS. I also would like to thank Keck Project Team 
members, Prof. Michael Manfra, Prof. Gabor Csathy, Geoffrey Gardner, John Watson 





TABLE OF CONTENTS 
Page 
LIST OF TABLES ............................................................................................................. vi 
LIST OF FIGURES ......................................................................................................... viii 
ABSTRACT ....................................................................................................................... ix 
CHAPTER 1. INTRODUCTION .................................................................................... 1 
1.1 Mobility in 2DEG ...................................................................................................... 1 
1.2 The Use of Gallium ................................................................................................... 4 
CHAPTER 2. BACKGROUND ...................................................................................... 5 
2.1 Purification Techniques ............................................................................................. 5 
2.1.1 Distillation ....................................................................................................... 5 
2.1.2 Zone Refining .................................................................................................. 6 
2.2 Inductively Couple Plasma Mass Spectrometry ........................................................ 8 
2.2.1 The Principle of Operation .............................................................................. 8 
2.2.2 Analysis Methods .......................................................................................... 10 
2.2.2.1 External Calibration .................................................................................. 10 
2.2.2.2 Standard Addition Method ....................................................................... 11 
2.2.2.3 Internal Standardization ............................................................................ 12 
2.2.3 Interferences .................................................................................................. 12 
2.2.3.1 Spectral Interference ................................................................................. 13 
2.2.3.2 Matrix Effect ............................................................................................. 14 
2.2.3.3 Correction Methods for Interferences ....................................................... 15 
CHAPTER 3. MOTIVATION OF THE FURTHER PURIFICATION ........................ 18 
3.1 Purification by Distillation ...................................................................................... 19 




                                                                                                                                        Page 
CHAPTER 4. EXPERIMENTAL .................................................................................. 23 
4.1 Purdue ICP-MS Specifications ................................................................................ 23 
4.2 Sample Preparation ................................................................................................. 24 
4.2.1 Dissolution of Gallium in Acid ...................................................................... 25 
4.2.2 Sample Preparation for the Standard Addition Method Analysis ................. 32 
4.3 Contamination Control ............................................................................................ 34 
CHAPTER 5. RESULTS AND DISCUSSION ............................................................. 38 
5.1 Results of ICP-MS Measurement for 6N and 7N Gallium ..................................... 38 
5.2 Discussion ............................................................................................................... 40 
5.2.1 Germanium Detection in 7N Gallium ............................................................ 40 
5.2.2 Germanium Detection in 6N Gallium ............................................................ 45 
5.2.3 Iron Detection in 6N and 7N Gallium ........................................................... 48 
5.2.4 Zinc Detection in 6N and 7N Gallium ........................................................... 51 
5.3 Summary of Ge, Fe and Zn Detection in 6N and 7N Gallium ................................ 55 
5.4 Future Work ............................................................................................................ 56 
CHAPTER 6. CONCLUSION ....................................................................................... 59 





LIST OF TABLES 
Table .............................................................................................................................. Page 
Table 3.1 Primary impurities of importance in gallium .................................................... 18 
Table 3.2 Vapor pressure for each impurity element at outgassing experiment  
temperature ....................................................................................................................... 20 
 
Table 3.3 Vapor pressure for each impurity element at outgassing experiment    
temperature ....................................................................................................................... 21 
 
Table 3.4 Calculated amount of purified element after outgassing experiment ............... 21 
Table 4.1 Dissolution of gallium in different concentration of nitric acid ....................... 27 
Table 4.2 Dissolution time with heat dependence ............................................................ 29 
Table 4.3 Dissolution time and the amount of gallium that can be dissolved in      
different acid type ............................................................................................................. 31 
 
Table 4.4 The advantage and disadvantage for each acid type ......................................... 31 
Table 4.5 Sample composition for standard addition method .......................................... 34 
Table 4.6 Sample composition for standard only sample ................................................. 34 
Table 4.7 Blank sample study (blank sample is 2% nitric acid. control is acid wash,    
wipe contamination is contamination of bottle mouth with cleanroom wipe after acid 
wash, and Chem Dept Prep is the blank sample prepared at chemistry department) ....... 36 
 




Table                                                                                                                               Page 
Table 5.2 Concentration of germanium, iron and zinc in 6N and 7N gallium measured   
by ICP-MS ........................................................................................................................ 39 
 
Table 5.3 Interference type for germanium, iron and zinc ............................................... 39 
Table 5.4 Relative germanium isotope abundance in nature ............................................ 40 
Table 5.5 The measurement of germanium in 7N Gallium by ICP-MS ........................... 41 
Table 5.6 Interfering polyatomic species for Ge, Fe and Zn ............................................ 44 
Table 5.7 ICP-MS measurement of germanium in germanium standard solution ........... 45 
Table 5.8 The measurement of germanium in 6N gallium by ICP-MS ............................ 46 
Table 5.9 The measurement of iron in 7N gallium by ICP-MS ........................................ 49 
Table 5.10 The measurement of iron in 6N gallium by ICP-MS ...................................... 49 
Table 5.11 The measurement of zinc in 7N gallium by ICP-MS ..................................... 52 
Table 5.12 The measurement of zinc in 6N gallium by ICP-MS ..................................... 52 





LIST OF FIGURES 
Figure ............................................................................................................................. Page 
Figure 1.1 AlGaAs/GaAs heterostructure ........................................................................... 2 
Figure 1.2 Calculated mobility as a function of 3D background impurity density              
at n= 3x1011/ cm2, d= 120nm, nd= 3x1011/ cm2, ................................................................. 3 
 
Figure 2.1 Diagram of zone refining................................................................................... 7 
Figure 2.2 Schematic diagrams of ICP-MS ........................................................................ 9 
Figure 4.1 Sample preparation procedures ....................................................................... 26 
Figure 4.2 20% nitric acid wash in the LDPE box ........................................................... 36 
Figure 5.1 The calibration curve of 74Ge detection in 7N gallium ................................... 42 








Min, Kyungjean. M.S.M.S.E., Purdue University, December 2014. High-Purity Gallium 
Analysis by Inductively Coupled Plasma Mass Spectrometry. Major Professors: David R. 
Johnson and Kevin P. Trumble 
 
 
     The mobility of Two-dimensional Electron Gas in AlGaAs/GaAs heterostructures that 
are grown in the Molecular Beam Epitaxy (MBE) can be increased by purification of the 
gallium used to grow the films. To attain 200 million cm2/Vs mobility, the impurity 
concentration of gallium should be reduced to below 1 ppb. The commercial 7N 
(99.99999%) gallium with 100 ppb total impurity is currently used in the MBE at Purdue 
University and is being purified by zone refining. To evaluate the commercial 7N gallium 
and establish the methodology for the impurity measurement after zone refining, 
germanium, iron, and zinc in 6N and 7N gallium were measured by Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS). The germanium concentration was 4.4 ppb in 6N 
gallium and 690 ppb in 7N gallium, which exceeds the total nominal impurity 
concentration, but is similar to independent analysis by Glow Discharge Mass 
Spectrometry (GDMS) which gave 440 ppb germanium. The measured concentrations of 
iron and zinc were below the detection limit of 1 ppb because of the spectral interference 
and the matrix effect due to high relative concentration of gallium. In order to reduce the 
gallium concentration in the sample, an organic solvent extraction process and ICP-MS 




CHAPTER 1.   INTRODUCTION 
1.1 Mobility in 2DEG 
The MBE (Molecular Beam Epitaxy) in UHV (Ultra High vacuum) can produce 
high quality thin films by specialized deposition and growth techniques. The remarkable 
accomplishment of the MBE research is the study of two-dimensional electron gas 
(2DEG) in the heterostructures of AlGaAs/GaAs, as shown in Figure 1.1. The fractional 
quantum hall effect (FQHE) by Tsui, awarded Nobel Prize in 1996, was discovered in a 
MBE 2DEG. Heterostructures produced by MBE are used to study the physics of 2DEG. 
To discover new physics phenomena, the electron mobility in the 2DEG must be 
increased.  
The mobility greater than 20 x 106 cm2/Vs was measured in only three MBE group. 
Mobility of 20 x 106 cm2/Vs has been achieved at Purdue University. In other groups, the 
both Pfeiffer group at Princeton-Bell Labs group and Umansky group at Weizmann 
Institute in Israel, a peak mobility greater than 30x106 cm2/Vs was obtained [1]. 
Currently, a study is being conducted at Purdue to realize a 200 million cm2/Vs 
2DEG mobility in the MBE in the heterostructure design of Al0.32Ga0.68/GaAs single 
heterojunction delta-doped with silicon [1].   
The factors that limit the mobility are as follows: acoustic phonon scattering, 






          Figure 1.1 AlGaAs/GaAs heterostructure 
 
background impurity scattering and roughness scattering at the interface. Acoustic 
phonon scattering is temperature dependent and cannot be eliminated except at T=0K [2]. 
The roughness scattering at interface does not significantly contribute to decrease the 
mobility. Therefore, the impurity scattering is the primary factor limiting the mobility. 
Hwang and Das Sarma calculated the mobility as a function of three dimensional 
background impurity density at a fixed carrier density n, the separation distance of delta 
layer d, and a fixed donor density nd. As shown in Fig 1.2, to attain a mobility of 100 x 
106cm2/Vs, the total background impurity density should be lower than approximately 
1012/cm3 [3]. 
Among elements that were used in the growth of AlGaAs/GaAs heterostructure, 
the purity of gallium primarily affects the mobility. Manfra and coworkers reported that 




mobility [1]. Therefore, the main concern to increase the mobility is the purity of the 
gallium source in the MBE.  
For the mobility of 20 x 106 cm2/Vs, 7N (99.99999%) gallium with 100 parts per 
billion (ppb) impurity concentration is used at Purdue University MBE.  Consequently, to 
achieve 200 million cm2/Vs, 9N gallium with less than 1ppb impurity concentration is 
necessary. The processing method of zone refining to purify the gallium for 1 ppb 
impurity concentration will be used. To evaluate the currently used 7N gallium and 
purified 9N gallium, the characterization technique that is capable of 1ppb measurement 
is required. For the 1 ppb measurement, inductively coupled plasma mass spectrometry 
(ICP-MS) was selected, which has the detection limit less than 10 parts per trillion (ppt).      
 
Figure 1.2 Calculated mobility as a function of 3D background impurity density at n= 
3x1011/ cm2, d= 120nm, nd= 3x1011/ cm2, 




In this thesis, the measurement of the impurity concentration in 6N (99.9999%) 
and 7N gallium by inductively coupled plasma mass spectrometry (ICP-MS) will be 
discussed. The methodology for the 6N and 7N gallium analysis by ICP-MS that is 
established in this paper will be used in the analysis of purified gallium by zone refining. 
 
1.2 The Use of Gallium 
Gallium discovered by Paul-Emile Lecoq de Biobaudran was initially used in 
high temperature thermometer because of its low melting temperature but high boiling 
point. From the 1960s, gallium started to be used as in semiconductor materials such as 
Gallium Arsenide (GaAs) for direct band-gap semiconductor. Gallium nitride (GaN) is 
used in the manufacture of light emitting diodes (LEDs), laser diodes, photo detectors, 
and solar cells, and future and CIGS for lightweight and durable thin-film photovoltaics 
that have a high absorption coefficient [4]. 
Gallium in nature is found in zinc ores or bauxite. There are several purification 
techniques to obtain pure gallium from ores. These techniques will be explained in the 
following chapters. The US does not produce the gallium but imports it from Germany, 
China, the United Kingdom and Ukraine. The purest gallium in commercial market is 
currently at 7N. Ninety-nine percent of imported gallium in the US is utilized in the GaAs 





CHAPTER 2. BACKGROUND 
2.1 Purification Techniques 
There are several processing methods such as cementation, solvent extraction, 
ion exchange, distillation, and zone refining to purify gallium. The method of 
distillation and zone refining are discussed in this chapter.  
 
2.1.1 Distillation 
Distillation is the separation of the more volatile components in the liquid 
mixture by evaporation. When the partial pressure of one component reaches the 
vapor pressure, the component is vaporized and other components that have less 
partial pressure than the vapor pressure are left in the liquid mixture [6]. 
The partial pressure P is defined by [6] 
𝑃𝑃 = 𝑃𝑃0𝛾𝛾𝛾𝛾                                              (Equation 2.1) 
where 𝑃𝑃0 is the pressure for pure elements, γ is an activity coefficient of the 
component in solution and 𝛾𝛾 is a mole fraction. 
The pressure for pure element can be obtained from Clausius-Clapeyron 







                                     (Equation 2.2)  




The maximum rate of evaporation is determined by Langmuir-Knudsen equation 
(Equation 2.3) 
                                 W = (𝑃𝑃0 − 𝑃𝑃′)γX� 𝑀𝑀
2𝜋𝜋𝜋𝜋𝑑𝑑
                                    (Equation 2.3) 
where P’ is an effective partial pressure of the component in the vapor phase, M is an 
atomic or molecular weight of the component and R is a gas constant [6, 7]. 
The concentration after distillation can be obtained from the following equation, 
(Equation 2.4), which is the rearranged and integrated form from Langmuir-Knudsen 
equation [6].  
                        log10[𝑚𝑚𝑖𝑖𝑚𝑚𝑓𝑓] = 0.0583𝑆𝑆(𝑙𝑙𝑙𝑙10)𝑉𝑉𝑉𝑉 𝑃𝑃0γ�𝑀𝑀𝑑𝑑 𝑡𝑡                        (Equation 2.4)  
where 𝑚𝑚𝑖𝑖 is initial concentration of the element in wt%, 𝑚𝑚𝑓𝑓 is final concentration of 
the element after distillation in wt%, S is the surface area of the liquid phase, V is the 
volume of the liquid phase, ρ is the density of the liquid phase and t is the time for 
distillation. 
 
2.1.2 Zone Refining 
W. G. Pfann first invented and developed zone refining using solidification 
theory. Zone refining is often used in the purification of the semiconductor materials, 
which requires ultrahigh purity materials.  
As shown in Figure 2.1, when narrow molten zone passes through a long solid 
metal rod, impurities ejected to the liquid region due to the difference in solubility of 
liquid phase and solid phase. The distribution coefficient, k, which is defined by the 




the redistribution of solute between solid and liquid when it melts and recrystallizes. 
When k is less than 1, impurities segregate to the right end of solid metal rod as 
molten zone travels to the right. When k is greater than 1, impurities segregate to the 
opposite end of the direction that molten zone travels.  
 
 
Figure 2.1 Diagram of zone refining 
 
For the single pass of zone refining, the impurity concentration after zone 
refining is defined by the following equation. 
𝐶𝐶 =  𝐶𝐶0[1 − 1(10𝑘𝑘)𝑒𝑒−𝑘𝑘𝑘𝑘𝑙𝑙 ]                    (Equation 2.5) 
where C is the solute concentration, C0 is the initial solute concentration, k is the 
equilibrium distribution coefficient, x is the solidified length and l is the molten zone 
length.  
As shown in (Equation 2.5), a lower distribution coefficient and large molten 
zone length enable more purification. However, lower distribution coefficient and 
small molten zone length allow much greater purification for the multi-mass zone 




process is repeated. Also, reducing the diffusion layer at the freezing interface by 
stirring can increase the degree of purification [8]. 
 
2.2 Inductively Couple Plasma Mass Spectrometry 
 
2.2.1 The Principle of Operation 
The ICP-MS (inductively coupled plasma mass spectrometry) is a 
representative technique for the elemental characterization because of its low 
detection limit with the single part-per trillion (ppt) levels and multi-element analysis.  
As shown in Figure 2.2, ICP-MS is composed of a sample introduction system, 
inductively coupled plasma, interface region, mass analyzer and detector. The sample 
introduction system consists of a nebulizer and spray chamber. The plasma torch in 
the inductively coupled plasma region is coupled with a radio-frequency (RF) coil 
and power supply [9]. 
The liquid sample loaded into the sample introduction system passes through a 
nebulizer to produce droplets. In the laser ablation ICP-MS, a loaded solid sample is 
dissolved by laser or spark ablation. The peristaltic pump that is attached to the 
nebulizer maintain the pressure and constant motion of the nebulizer, the sample can 
be transferred into the spray chamber with a constant flow regardless of viscosity 
difference [10].  
The droplets transmitted into a central tube in the spray chamber are selected 
depending on their size. Large droplets greater than about 10µm diameter are 




The fine droplets less than 10µm diameter transferred into the plasma for ionization. 
The reason of the droplet selection is made in the spray chamber is the plasma is not 
effective in dissociating large droplets. Moreover, a steady signal is maintained by 
removing fluctuations that may occurs in the nebulizing process [10].  
 
 
Figure 2.2 Schematic diagrams of ICP-MS 
  
The inductively coupled plasma region is filled with the inert gas (usually 
argon). The power supply applies the power to the RF coil and an alternate current 
field is created in the RF coil. The plasma starts the inductively coupling by which the 
spark from the RF coil initiates. The temperature of the inductively coupled plasma is 
6000 ~ 10000K. The droplets transmitted from the sample introduction system stays 
at ground state. When the energy is applied to the droplet in the form of heat from a 




The ion travels through the interface region. The interface region includes the 
sampler and the skimmer cones. The interface cones create the intermediate vacuum 
region. Since the ion in the interface region may contain some non-ionized materials 
such as neutrals and photons, the two cones have roles to separate analyte ions from 
the neutrals and photons. That is because neutrals and photons can degrade the 
detection limits by creating drift or increasing background. Ions are then focused by 
electrostatic lenses to enter the mass analyzer [12]. 
In the mass analyzer, ions are divided into mass to charge ratio. After 
separation in the mass analyzer, the individual ion beams are transported to a detector 
to measure their individual ion currents [13]. 
 
2.2.2 Analysis Methods 
There are several quantitative methods to analyze the ICP-MS signal. These are 
external calibration, standard addition method and internal standardization. The 
different kinds of sample preparation methods are present following each analysis 
method. 
 
2.2.2.1 External Calibration 
External calibration is a regression analysis that correlates the ion current 
intensity of analyte to the ion current intensity of standard solution. For a reliable 
external calibration analysis, at least three samples with different concentration of 
analyte are needed. Also a blank sample which reflects the sample contamination and 




sample measurement, the sensitivity is obtained as the ratio of ion current intensity 
and the amount of standard solution. Using the sensitivity, the amount of analyte in 
the sample is estimated from the ion current intensity of the sample. Because the 
external calibration is based on a simple regression analysis, it has an inherently 
significant error. Consequently, the external calibration is not preferred in the ICP-
MS measurement analysis [14]. 
 
2.2.2.2 Standard Addition Method 
Standard addition method is the derivation of the amount of analyte in the 
original unknown sample from the signal increment by adding known quantities of 
analyte standard. The sample is composed of a blank, an unknown sample, and at 
least three analyte standard added samples in different concentration. The value of ion 
current density of the sample makes the straight line that the ion current density is 
proportional to the concentration because the value of ion current density increases as 
much as the concentration increment [15]. The straight line is represents the 






𝐼𝐼𝑥𝑥                             (Equation 2.6) 
where 𝑉𝑉0is initial volume of unknown sample, 𝑉𝑉 is final volume of unknown sample, 
𝑥𝑥𝑖𝑖 is initial concentration of unknown sample, and 𝐼𝐼𝑥𝑥 is signal of 𝑥𝑥𝑖𝑖. In the straight 




2.2.2.3 Internal Standardization 
Internal standardization is addition of reference standard that is called an 
internal standard in the set of samples for external standardization. In other words, the 
same amount of internal standard is added to blank solution, the standard solutions 
with different concentration of analyte, and the stock solution. After measuring the 
ion intensity, the calibration curve is derived for the ratio of analyte ion intensity to 
the internal standard ion intensity versus the concentration of the analyte in standard 
solutions. A simple linear regression line can be obtained from the calibration curve. 
Using the simple linear regression line equation, analyte concentration in the stock 
solution can be derived after measuring the ratio of analyte ion intensity to the 
internal standard ion intensity in the stock solution [17]. 
The internal standard is selected, which is similar as the analyte in the 
ionization characteristics. The element that is close to the analyte in the mass 
spectrum is selected as an internal standard as well. The internal standard should not 
be influenced by the analyte and interferences. Internal standardization is commonly 
used to correct matrix interferences that are discussed in the following sections [17]. 
 
2.2.3 Interferences 
In the following section, the interferences that degrade the ICP-MS signals will 
be discussed. Because of the high sensitivity of ICP-MS, the interferences critically 





2.2.3.1 Spectral Interference 
The types of spectral interferences are classified into isobaric interference, 
polyatomic interference, and doubly charged species interference, based on the 
interfering species type. Isobaric interference is that the isobaric isotope which has 
the same mass as the mass of analyte measured with analyte in the ICP-MS. Hence, it 
is the positive interference since the analyte signal is increased [18].  
Polyatomic Spectral interference is that polyatomic species with same mass as 
the analyte, generated from the combination between plasma source, components of 
matrix or solvent, oxygen or nitrogen from the air and well contaminated elements 
from the environment such as iron, chromium and zinc, are measured in the analyte 
detection by ICP-MS. The polyatomic spectral interference is also a positive 
interference that increases the analyte signal. That is mainly because of matrix and 
plasma source related polyatomic species but it is often caused by oxides, hydroxides 
and hydrides. Rare earth or refractory-type elements are significantly affected by 
polyatomic interference due to oxides, hydroxides and hydrides that are easily formed 
[19]. 
Interference by doubly charged species is a negative interference that decreases 
the analyte signal. Elements which have low first and second ionization energy can be 
doubly ionized in the ICP-MS. Since ICP-MS measures mass to charge ratio a doubly 
charged ion is measured as the mass with the half of its original mass. The analyte 





2.2.3.2 Matrix Effect 
The matrix effect is the signal suppression that occurs due to space-charge 
effects, drift effects, sample transport effects, and memory effects when a high 
concentration matrix or high dissolve solids content sample is loaded to the ICP-MS.  
Space charge effect is that the number of analyte ion transmitted into mass 
analyzer is decreased because the ion beams is defocused or broaden in ion lens [21]. 
Since the space charge effect is inversely associated with ion kinetic energy, it 
severely affects at the measurement of light mass isotope than heavy mass isotope.  
When a highly dissolved solid sample or incompletely dissolved solid sample is 
loaded into the ICP-MS, the salts of that sample are deposited on the orifice of the 
interface sampler cone. This is called the drift effect as ion transmission is decreased 
into mass analyzer due to a coated sampler cone with sample salts and then signal 
suppression is occurred [21].  
Sample transport effect is caused by the inappropriate operation in the sample 
introduction system, nebulizer and spray chamber. The difference of viscosity, 
volatility and surface tension between particles in sample brings about ununiformed 
distribution of vaporizing particle in the nebulizer. Highly viscous particles are not as 
efficiently vaporized while high volatile particles are well vaporized in the nebulizer. 
This affects the selection of particle in the spray chamber and resulting in a decreased 
signal. High dissolved solid amounts as well as differences between samples also 
affect the signal suppression because it causes clogging in the nebulizer, prevents the 




The Memory effect occurs when the ion intensity signal is interfered by the 
residue contamination of previous sample. This is connected to the contamination of 
the analytical system such as sample transport, nebulizer, spray chamber, plasma 
torch and attendant tubing and fitting. When highly dissolved solid amount sample is 
measured, the memory effect can be severe [23].  
 
2.2.3.3 Correction Methods for Interferences 
To correct the spectral interferences, mathematical correction equation can be 
applied using the naturally occurring relative isotope ratio. Since the nature 
abundance of isotope is same anywhere, the spectral interference can be modified 
with nature abundance isotope ratio. There are two different ways to implement the 
mathematical corrections. One way is to measure the concentration of the one of the 
isotopes in the analyte, which is free from the spectral interference, and then derive 
other isotopes’ concentration on the basis of nature abundance ratio. Another way is 
the subtraction interference signal amplitude signal from total signal to obtain the 
interference-free analyte signal. Interfering element’s own signal can be derived by 
measuring its isotope signal and calculating the nature abundance ratio. Mathematical 
correction can be used when the any isotope of analyte is not free from spectral 
interference [21]. 
 Spectral interference can be also solved using high resolution mass analyzer. 
By increasing resolving power, the mass analyzer is able to distinguish ions with 
similar masses up to higher order of magnitude, not to overlap between different 




To compensate the polyatomic spectral interference due to plasma source, the 
cool plasma technology which uses lower temperature plasma and higher nebulizer 
gas flow rate than normal condition has an effect to reduce the molecules of argon 
and other species combination. The RF power and nebulizer gas flow rate for normal 
condition are 1000W through 1400W and 0.8L/min through 1.0L/min. 500W through 
800W RF power and 1.5L/min through 1.8L/min nebulizer gas flow rate are used in 
the cool plasma technology. The cool plasma technology is applicable to elements 
which have low ionization energy because elements that have high ionization energy 
cannot be ionized in the cool plasma conditions [24]. 
As ICP-MS instruments were developed, a collision/reaction cell technology 
was invented to eliminate polyatomic interference species before the analysis at the 
mass spectrometer. A specialized device is mounted between the ion lens and the 
mass analyzer that is filled with helium and ammonia gas and the gas reacts with the 
polyatomic species in transmitted ion beam. Ammonia reacts with the 38ArH+ ion 
and removes it under the following reaction formula [25].  
 
                  NH3 + 38ArH+ → NH4+ + 38Ar                                                 (Equation 2.7) 
 
Helium collides with polyatomic molecules like ArO+, transfers energy to 
break apart the polyatomic molecules, and the interference is removed when the flow 
rate is below 7mL/min. When the collision or reaction cell is installed between the 
sampler and skimmer cone, it removes polyatomic interferences at the interface. This 




To compensate for the space charge effect, the application of an internal 
standard method is most commonly used. By adjusting flow injection rate, the ion 
lens voltage, and the RF power, the degree of signal suppression can be reduced. 
Signal suppression by deposition of salts in sampler cone and sample transport effect 
in the sample introduction system can be solved, by using low concentration sample. 
The easiest way is the dilution of the sample to a low concentration of dissolved solid. 
However, dilution is not applicable when the analyte concentration is too low to be 
detected in the ICP-MS. In that case, matrix separation using an organic solvent can 
be applied during sample preparation. For the memory effect and contamination of 
analytical system, signal interference can be resolved by increasing the washout time 
between sample introductions. The ICP-MS has a system that washes the nebulizer 
component automatically during operation and deionized water is used. The nebulizer 
has a separate drainage outlet and the deionized water is discarded through the 
drainage outlet in the nebulizer. Using acid instead of deionized water is more 
effective to remove the contaminants or leftover of previous sample and helps to 




CHAPTER 3. MOTIVATION OF THE FURTHER PURIFICATION 
Background impurities limit the mobility of 2DEG in MBE growth. Among 
them, several impurities in Table 3.1 significantly impact the mobility because those 
impurities behave as n-type and p-type dopants in AlGaAs/GaAs heterostructures. 
Several impurities in Table 3.1 will be selected for the initial measurement by ICP-
MS and the procedure of selecting the primary impurity elements in gallium for initial 
measurement will be explained in this chapter.  
Table 3.1 Primary impurities of importance in gallium [1, 26] 
Element Contamination effect for 2DEG 
Al getter of oxygen 
Cr transition element acceptor 
Fe transition element acceptor 
Ge shallow donor 
Mg simple acceptor 
Si shallow donor 
Sn simple donor 







3.1 Purification by Distillation 
Manfra group at Purdue University reported the concentration of p-type 
dopants impurities in gallium can be reduced by outgassing experiment at high 
temperature [1]. This outgassing experiment is the purification by distillation that was 
explained in the chapter 2.  
The outgassing experiment was started at the 1173K, which is 50K above the 
growth temperature. After 6~8 hours, the temperature was increased to 1223K. After 
a few hours, the temperature was increased to 1333K and continued for 4 hours.   
In the distillation process, the constituents that reach the vapor pressure at 
given temperature are separated from the liquid mixture. The pressure of the 
constituent in the liquid mixture is defined by partial pressure (Equation 2.1). 
Therefore, whether the impurity element is vaporized in the gallium is determined by 
relative volatility, which is the ratio of the partial pressure of impurity to the partial 
pressure of gallium. (Equation 3.1) [6] 
 
relative volatility =  𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦
𝛾𝛾𝑔𝑔𝑔𝑔𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑔𝑔𝑔𝑔𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖
                                 (Equation 3.1) 
 
When the relative volatility is greater than 1, the impurity element is vaporized 
while the impurity element is not distilled when the relative volatility is less than 1.  
The vapor pressures for each impurity element at outgassing experiment 
temperature are listed in Table 3.2. The activity coefficients for each impurity 
element are listed in Table 3.3 with the temperature that the activity coefficient 




that was measured should be equal to the temperature that outgassing experiment was 
done. However, the temperature dependence of activity coefficient is negligible in 
high-purity gallium because the activity coefficient in the concentration less than 1.0 
mol/kg dominantly depends on the concentration and all are similar in different 
temperatures [27]. Therefore, the activity coefficient that is measured different 
temperature from the outgassing experiment temperature can be used to calculate the 
relative volatility. Unknown activity coefficients for some elements were assumed as 
one. 
 
Table 3.2 Vapor pressure for each impurity element at outgassing experiment 
temperature [28, 29] 
Element 
Vapor Pressure at Given Temperature 
(mmHg) 
1173K 1223K 1323K 
Al 9.37x10-6 3.44x10-5 3.46x10-4 
Cr 9.61x10-8 4.66 x10-7 7.68 x10-6 
Fe 5.53 x10-8 8.25 x10-8 1.68 x10-6 
Ga 4.63 x10-4 1.40 x10-3 9.99 x10-3 
Ge - - 3.00x10-6 
Mg 120 207 543 
Si 3.68 x10-10 2.16 x10-9 6.34 x10-8 
Sn 1.18 x10-5 4.04 x10-5 3.58 x10-4 
Zn 794 1320 3220 
 
Since the vapor pressure of gallium is 4.63 x10-4 at 1193K, 1.40 x10-3 at 1223K 
and 9.99x x10-3 at 1323K, the elements that has greater vapor pressure than gallium 




type dopants in Table 3.1. This agrees with the outgassing experiment results that the 
p-type dopants impurities were purified [1].  
 
Table 3.3 Vapor pressure for each impurity element at outgassing experiment 
temperature 
Element Activity Coefficient Temperature(K) Ref 
Al Unknown   
Cr Unknown   
Fe Unknown   
Ge 1.736 1050 [30] 
Mg 0.027 923 [31] 
Si 2.24 1750 [32] 
Sn 1.680 1000 [33] 
Zn 1.557 750 [33] 
 
The purified amount can be obtained by Langmuir-Knudsen equation (Equation 
2.4). The calculated purified impurity element percentage that left in the crucible is 
listed in Table 3.4. The depth of crucible is 14.1 cm and the diameter is 1.5 cm. 
 
Table 3.4 Calculated amount of purified element after outgassing experiment 
Element Left(%) 
Mg 0.001074 




3.2 Selection of Primary Impurities of Gallium 
         The calculation for gallium distillation (outgassing experiment) indicates the 
distillation is only effective to remove simple acceptor elements with greater vapor 
pressure than gallium. To purify other elements, zone refining can be applied.  
As discussed in the previous chapter, the degree of purification by zone 
refining is dependent of distribution coefficient k. distribution coefficient k is defined 
by the freezing solute concentration over liquid concentration. When the value of 
distribution coefficient is far from one, the degree of purification becomes larger. 
For the initial impurity measurement by ICP-MS, three elements of iron, 
germanium and zinc, were selected which have a different function in the MBE as in 
listed Table 3.1. The distribution coefficient of iron is 0.35 and that of germanium is 
greater than 1 [34]. The distribution coefficient of zinc is 0.21 from the phase diagram 





CHAPTER 4. EXPERIMENTAL 
Most purified gallium that can be obtained from commercial market is 7N 
(99.99999%) gallium. Currently 7N gallium is used to produce AlGaAs/GaAs 
heterostructures in the MBE facility at Purdue. To confirm the purity of 7N gallium 
and which element can be purified by zone refining, impurities concentrations of 
commercial 7N gallium were measured by ICP-MS. These measurements were 
performed to establish the methodology to measure the purity of gallium after 
purifying by zone refining to realize 200 million cm2/Vs 2DEGs. To attain precise 
results for the 7N gallium, impurities concentrations of 6N gallium were also 
measured as a practice. 
 
4.1 Purdue ICP-MS Specifications  
The Purdue Chemistry Department ICP-MS is a user facility. It is composed of 
the ELEMENT2 (ThermoFinnigan, Bremen, Germany) Inductively Coupled Plasma 
and Hewlett Packard Engine Mass Spectrometer using electron impact and chemical 
ionization. The nebulizer type of Purdue ICP-MS is Concentric Nebulizer. The flow 
rate of sample introduction system has three settings; 0.5, 1, and 2 liters per minute. 
One liter per minute of flow rate was used in the following experiment. An aridus 




Nebraska, USA) is installed in the ICP part [36]. Aridus sample introduction flow rate 
was 60 microliters per minute. The power was 750 through 2000 watts and the RF 
coils operates in the range of 27 through 40 megahertz. The type of mass analyzer is a 
double focusing magnetic sector analyzer, which is composed of two independent 
sectors, a magnetic sector and an electrostatic analyzer. Ions are separated into their 
mass to charge ratio in the magnetic sector and refined based on their kinetic energy 
in the electrostatic analyzer [37].  The resolving power (m/Δm) of mass spectrometer 
is 10000 in the high resolution mode, 4000 in the medium resolution mode, and 300 
in the low resolution mode. The sensitivity from the product specification is greater 
than 109 counts per second per ppm. The detection limit is parts per trillion.  
 
4.2 Sample Preparation  
      The types of gallium that were used in the ICP-MS measurement and 
dissolving test in acid were 6N and 7N. The 6N gallium was produced by Alusuisse 
and 7N gallium was produced by Alcan. Both gallium were made in Switzerland. The 
shape was ingot with 20~25g weight and they were vacuum packed in double 
polyethylene bags to prevent contamination.  Currently, 7N gallium is used in the 
MBE to produce AlGaAs/GaAs hetrostructures. The 6N gallium was used in the 
dissolving test in acid and also measured by ICP-MS to compare with 7N gallium 
results. 
The Purdue ICP-MS requires the sample to be in the form of a liquid. To 




Therefore, 6N and 7N solid gallium ingots were dissolved in acid during sample 
preparation. The allowed maximum concentration of acid is 4%. 
The sample preparation procedure is divided into two different steps: 
dissolution of solid in acid and sample preparation for standard addition method. 
Whole procedure is described in the Figure 4.1. 
 
4.2.1 Dissolution of Gallium in Acid 
Since the Purdue ICP-MS requires the sample to be dissolved in 2~4% acid for 
analysis, the purchased commercial gallium ingot was dissolved in concentrated acid 
and then diluted to 2~4% acid concentration. Dulski reported that gallium was 
dissolved in warm nitric acid, hydrochloric acid and aqua regia. [38] To find the best 
acid to dissolve gallium, several digestion experiments in different types of acid at 
different temperatures were performed as listed in Table 4.1. The following will 
describe the dissolving procedure in nitric acid, hydrochloric acid, and aqua regia.  
To dissolve gallium in acid, first, a 20~25g gallium piece was cut into small 
pieces of about 0.3g to increase reaction speed with acid. These cut pieces were 
cleaned with 69% nitric acid to remove contaminants during cutting and were 
weighed up to 0.0001g accuracy. All pieces were handled with PTFE 






Figure 4.1 Sample preparation procedures 
 
Small gallium pieces of 0.3g were put in a 10ml FEP (Fluorinated Ethylene 
Propylene) test tube, acid was added, and it was heated on hot plate in water to 70 ℃ 
for 15 minutes. When the gallium started to dissolve in nitric acid, the color of 
reactants changed to blue. The blue color comes from the formation of 8-
Hydroxiquinolate by combining gallium with hydrogen, nitrogen, carbon, and oxygen 
in the air. On the other hand there was no color change when gallium was dissolved 
in hydrochloric acid or aqua regia. After heating the test tube with gallium in acid, the 
test tube was stored at room temperature until the gallium was dissolved completely 
in acid. 
The correlation between nitric acid concentration and the time it takes for 
gallium to dissolve completely at 70℃ is described in Table 4.1. Below 30%, the 




broke when nitric acid was added was observed in an hour. Above 50%, the solution 
of gallium in nitric acid turned blue or green. Near 35%, the color of solution turned 
light blue after a few days.  
 
Table 4.1 Dissolution of gallium in different concentration of nitric acid 





after applying heat 
Time to be dissolved 
(day) 
25 No reaction > 30 
30 No reaction > 30 
35 Ga solid breaks  14  
40 Ga solid breaks 6  
50 Ga solid breaks 
Solution turns blue 
5 
54 Ga solid breaks 
Solution turns dark blue 
5 
56 Ga solid breaks 
Solution turns dark blue 
4 
58 Ga solid breaks 
Solution turns dark blue 
5 
60 Ga solid breaks 
Solution turns dark green 
6 
69 Ga solid breaks 







The time it takes for the solution color to be changed decreased and the color built 
up as the concentration increased. As the concentration of nitric acid was increased, 
the speed at which gallium was used completely dissolved increased. Also the amount 
of dissolved gallium in the same amount of nitric acid was increased, as nitric acid 
concentration was increased. 
The dissolution time decreased continually up to 60% nitric acid. However, for 
the concentration greater than 60%, the dissolution time was found to be increase. 
Hence, 56% nitric acid was determined for initial digestion of gallium for ICP-MS 
sample. The ratio of total dissolved 6N gallium to the amount of 56% nitric acid is 
1.47g/ml.  
The dissolution time with heat dependence is listed in Table 4.2. As shown in 50% 
concentration, the dissolution time generally decreased when heat was applied. The 
case of 54% was odd that the dissolution time was independent of heat application. 
However, heat application generally helped to decrease the dissolution time. This is 
because heat removes the passivation layer that is formed when gallium reacts nitric 
acid [38].  
The reaction between gallium and nitric acid obeys the following chemical 
equation: 
 







Table 4.2 Dissolution time with heat dependence (the amount of gallium: 0.3g, 
the quantity of nitric acid: 3ml, 50~70℃ heat applied for 30min) 
HNO3 Concentration (%) Heat Dissolution time (day) 
25 
Yes >30 











Since 6N and 7N gallium has ppb level impurities, the impurity ion intensity 
signal in the ICP-MS is very small. Moreover, the concentration becomes lower when 
the solid is dissolved in the acid. The 6N gallium concentration that was dissolved in 
nitric acid was 7508 ppm. When the sample is prepared using the solution that has 
gallium concentration in nitric acid of 7508 ppm for the standard addition method, the 
gallium concentration in nitric acid becomes one fifth of 7508 ppm, 1501.6 ppm. The 
10 ppt detection limit of ICP-MS is increased to 10 ppb for gallium impurity 
measurement when the sample of 1000 ppm gallium concentration in nitric acid is 
measured. Therefore, to attain higher concentration of dissolved gallium, other types 
of acid were tested. 
A greater amount of gallium was dissolved in hydrochloric acid but it took a 
long time of about one month for 0.3g per 33% 1.5ml hydrochloric acid to be 
dissolved completely. The reaction between gallium and hydrochloric acid obeys the 




2Ga(s) + 6HCl(aq) -> 2Ga3+ + 6Cl- + 3H2(g)                                           (Equation 4.2) 
 
Several researchers [38, 39] reported that gallium dissolves well in aqua regia 
(1:3 or 1:4 of nitric acid to hydrochloric acid). Therefore, the test of reaction with 
aqua regia were conducted. However, this test was unsuccessful because aqua regia 
and the mixture decomposed into water quickly before complete dissolution. 
Consequently, the amount of dissolved gallium in aqua regia did not reach the amount 
of gallium in nitric acid or hydrochloric acid. To obtain higher amount of dissolve 
gallium in the dissolution of aqua regia, a pressurized digestion system is required to 
retard the decomposition shorter [40]. It helps to react quickly, gallium can be 
dissolved in aqua regia before decomposition. The reaction between gallium and aqua 
regia obeys the following chemical equation. 
 
Ga(s) + 3HNO3(aq) +4HCl(aq) -> HGaCl4+ + 3NO3-+ 3H2O                    (Equation 4.3) 
 
The comparison of the dissolution time and concentration of gallium in 
different types of acid are listed in Table 4.3. As shown in Table 4.3, hydrochloric 
acid enables higher concentration of dissolved gallium in acid. However, the reaction 
is too slow in the hydrochloric acid. Dissolved gallium concentration in aqua regia 
was not higher than nitric acid because of decomposition problem of aqua regia.  
As summarized in Table 4.4 hydrochloric acid has another disadvantage due 




in the ICP-MS difficult. Chloride ions can form interfering polyatomic species and is 
a source of spectral interference.  
 
Table 4.3 Dissolution time and the amount of gallium that can be dissolved in 
different acid type  
Acid Type Time for 
Dissolution 
Calculated concentration 
of Ga in 4% Acid 
56% HNO3 4days 7508 ppm 
33% HCl 20 days 20066ppm 
33% HCl+ 69% HNO3 
(3:1 volume ratio) 
Not totally dissolved because of decomposition of 
aqua regia into water 
 
Table 4.4 The advantage and disadvantage for each acid type 















Higher concentration of 
gallium can be dissolved 
than HNO3 
1. Too slow reaction, 
2. Unable to use in 
germanium detection 
3. Well contaminated 






Higher concentration of 
gallium can be dissolved at 
the use of pressured 
digestion system 
1. Decomposed  into 
water quickly and 
lost its acidity 
2. Produced interfering 
polyatomic species 




Furthermore, the use of hydrochloric acid or aqua regia is also problematic in 
germanium detection, one of the target impurities. Germanium forms volatile species, 
germanium chloride, when it combines with chloride ions thus the concentration of 
the sample is affected. 
Hydrochloric acid is often contaminated from environment. The use of 
hydrochloric acid may cause the contaminated sample.  
Therefore, 56% nitric acid was selected to dissolve the gallium for the ICP-MS 
sample because of the stability and lack of spectral interference in spite of the limited 
concentration of dissolved gallium.  
 
4.2.2 Sample Preparation for the Standard Addition Method Analysis 
The gallium that was dissolved totally in the sample in 56% nitric acid was 
diluted to 4% nitric acid. For the use of standard addition method, the set of standard 
added sample was prepared from 1ppb through 3ppb which covers the range of 
interest. The smallest concentration of the standard solution that can be purchased 
was 10ppm. To make 1ppb concentration level, a purchased standard solution was 
also diluted to desired level with 4% nitric acid. 
There are single element standard solutions and multi-element standard 
solutions. For the impurity measurement in gallium, the single element standard 
solution was selected because of the following reasons. A multi-element standard 
solution requires more dilution than a single element standard solution. Moreover, the 
purity of multi-element standard solution is less pure than single element standard 




99.9953% whereas that in multi-element standard solution that contains iron with 
twenty-four other elements is 99.97%. Furthermore, when the impurities of twenty 
five elements are added, the multi-element standard solution impurity level becomes 
much larger and disturbs the ppb level detection in the ICP-MS. Spectral interference 
can also be enhanced when using multi-element standard solution because of 
problems at the interfering polyatomic species or isobaric elements. For example, 
there are two commercial available multi-element standard solutions that contain zinc. 
Titanium presents in one zinc contained multi-element standard solution whereas 
phosphorous is contained in another zinc contained multi-element standard solution. 
Titanium becomes the interfering polyatomic species of 66Zn by combining with 
oxygen and phosphorous forms the hydroxide form which disturbs 66Zn detection. For 
these reasons, a single element standard solution was selected for impurity detection 
in 7N and 6N gallium.  
A blank sample was prepared to reflect cross contamination and stock sample 
was prepared with dissolved gallium in 4% nitric acid. Three standard added samples 
were also prepared following the composition listed in Table 4.5.  
For the external calibration and for comparing the signals, a set of standard 
solution only sample was also prepared, as listed in Table 4.6. Each sample was 
placed in the acid-washed 15ml falcone polypropylene test tube, closed with a cap 
























in 4% HNO3 0 1 1 1 1 1 
1ppb Standard  
Solution 
in 4% HNO3 
0 0 0.5 1 2 3 
4% HNO3 5 4 3.5 3 2 1 
Total 5 5 5 5 5 5 
 













1ppb Standard  
Solution 
in 4% HNO3 
0 0.5 1 2 3 
4% HNO3 5 4.5 4 3 2 
Total 5 5 5 5 5 
 
4.3 Contamination Control 
 To avoid cross contamination, the samples were made in the Birck 
Nanotechnology Center Cleanroom. This is a class 100 sections that has less than 100 
particles per cubic meter space. The Birck Cleanroom is operated at a temperature of 




The water which was used in the sample preparation was pure nanograde water 
obtained from the Birck Nanotechnology Center. Its purity is less than 5 ppt for each 
metal ion and the resistivity is 18.2 Ω.  
BDH Aristar ultra nitric acid with less than 100 ppt(parts-per-trillion) for each 
element was used to dissolve the gallium, to make the blank sample, and to dilute 
standard solution, and clean plasticwares with acid wash, All plasticwares for sample 
preparation were made of Teflon, i.e. PTFE, FEP and PFA(perfluoroalkoxy). Since 
Teflon plasticwares are suitable for high purity work as well as it is resistant 
concentrated acid up to 90% nitric acid, it was used in my experiment to store 
concentrated nitric acid, dilute it, and dissolve the gallium, which asks more than 40% 
concentrated nitric acid. 
To remove the contaminant that was already attached to the plasticware, they 
were washed with 20% nitric acid which was diluted from 69% BDH aristar ultra 
nitric acid with pure nanograde water. The acid wash replaces cations on the surface 
of plasticwares with H+ ions [41]. All plasticwares were rinsed with pure nanograde 
water twice, and then they soaked in 20% nitric acid using the LDPE (low density 
poly ethylene) for full 24 hours. Figure 4.2 shows the acid wash. After 24 hours, 
plasticwares were rinsed twice with pure nanograde water again. The study to clarify 





Figure 4.2 20% nitric acid wash in the LDPE box 
 
Table 4.7 Blank sample study (blank sample is 2% nitric acid. control is acid wash, 
wipe contamination is contamination of bottle mouth with cleanroom wipe after acid 











52Cr 809 1016 1201 1007 
56Fe 2036 5255 54906 7786 
66Zn 523 1281 14221 2693 
72Ge 39 32 40 40 
 
The two percent nitric acid only samples that reflect the environment were made, 
applied different conditions and measured by ICP-MS. The ion intensity in counts per 
second (cps) unit, which represents the amount of elements, is 25 times higher in the 
no acid wash sample than the control sample for iron and 30 times higher for zinc. 
The acid wash was also effective to remove the chromium but there is little difference 




from the environment whereas germanium is not. The Chemistry Department 
Preparation sample represents the contamination of ICP-MS background. 
Consequently, we can conclude acid wash is effective to eliminate contaminants like 
iron, zinc and chromium. 
There were several contamination sources presented in the cleanroom work. One 
dominant source was the cleanroom wipes that were found to possess the 
contaminations such as iron, zinc, and other impurities that should be free before 
making sample for precise measurement. Furthermore, acid-dampened wipers would 
pass more metal contaminations onto the surface being cleaned than a water cleaned 
one [42]. As listed in Table 4.4 is the blank study to clarify the contamination source. 
The blank, which contains two percent nitric acid only, was once contaminated 
artificially with cleanroom wipes by attaching the cleanroom wipes to the cleaned 
PTFE bottle mouth which the two percent nitric acid was placed for one hour and 
pouring the nitric acid into the sample tube, passing through the contaminated bottle 
mouth. The contaminated sample by cleanroom wipes was measured by ICP-MS with 
contaminant-free samples, control, to compare. As is shown in the Table 4.4, the well 
contaminated elements from environment, iron and zinc were twice as much as was 
present in the control sample. Chromium was also more present in the contaminated 




CHAPTER 5. RESULTS AND DISCUSSION 
5.1 Results of ICP-MS Measurement for 6N and 7N Gallium 
        As is discussed in the previous chapter, the Al, Cr, Fe, Ge Mg, Si, Sn and Zn are 
critical impurities in the MBE when producing AlGaAs/GaAs heterostructures. Evans 
Analytical Group measured the impurity concentration in 7N gallium by Glow 
Discharge Mass Spectrometry (GMDS). Table 5.1 lists several primary impurity 
elements, which are N type and P type dopants, in 7N gallium as measured by GDMS. 
        As is shown in Table 5.1, the concentration of germanium for 7N gallium was 
significantly high, compared with other elements. Hence, germanium was necessary 
to be measured by ICP-MS to validate the concentration of GDMS results. The other 
elements were at levels below the detection limit. Iron and zinc were selected for 
measurement in the initial trials. 
The results of germanium, iron, and zinc isotopes concentration in 7N and 6N 
gallium that were measured by the Purdue ICP-MS are represented by Table 5.2. The 
level of iron and zinc was so low that interference effects dominated.  In Table 5.3 the 
major interferences are summarized, which was presented in Ge, Fe, and Zn detection 




Table 5.1 Primary impurity concentration of 7N gallium measured by GDMS 











Table 5.2 Concentration of germanium, iron and zinc in 6N and 7N gallium measured 
by ICP-MS 
 Ge Fe Zn 
6N Ga 4.422ppb ND ND 
7N Ga 690ppb ND ND 
“ND = not determined” 
 
Table 5.3 Interference type for germanium, iron and zinc 
Element Primary Interference 
Ge 70Ge, 
72Ge 
Spectral Interference, Matrix Effect 
74Ge Signal Suppression by Matrix Effect 
Fe Spectral Interference,  Contamination 






5.2.1 Germanium Detection in 7N Gallium 
Germanium concentration in 7N Gallium, which was produced from Alcan was 
measured by ICP-MS. Since 70Ge, 72Ge, and 74Ge are primarily occupied in nature 
among germanium isotopes, those three germanium isotopes were measured. Table 
5.4 lists germanium isotope ratio in nature.  
Table 5.4 Relative germanium isotope abundance in nature [43] 







The gallium concentration in the stock solution sample (Figure 4.1) was 1653.2 
ppm and acid concentration was adjusted into 4% nitric acid. Table 5.5 shows the 
germanium ion intensity in cps, measured by ICP-MS for the blank, the stock solution, 
and the germanium standard added samples. Only reasonable results were obtained 
when measuring 74Ge. For the 74 Ge, the ion intensity was increased with the same 
amount when the amount of added standard was added. The calibration curve for the 
results is represented by Fig. 5.1. The calibration curve which was fitted to a straight 
line showed a good agreement with that R-squared value was 0.9837. The x intercept, 




(parts-per-billion) of gallium in nitric acid. Since the gallium concentration in nitric 
acid was 1653.2 ppm, the concentration of 74Ge in 7N gallium was 250ppb.  
















70Ge 6 1276 1363 1395 1303 
72Ge 53 730 895 978 1002 
74Ge 25 341 561 713 840 
74Ge/72Ge 0.46 0.47 0.63 0.73 0.84 
74Ge/70Ge 3.84 0.27 0.41 0.51 0.64 
 
The 72Ge isotope also had an increasing tendency with increment of added 
standard concentration. However, the difference of ion intensity for each interval had 
a decreasing tendency. Hence, it did not show good linearity as R-squared value was 
0.8898 when it was fitted into a straight line. In the case of 70Ge, the amount of ion 
intensity is decreased between the 2 ppb standard added sample and the 3 ppb 
standard added sample. Therefore, the standard addition method analysis cannot be 






Figure 5.1 The calibration curve of 74Ge detection in 7N gallium 
 
The reason of unreasonable results in 72Ge and 70Ge measurement is spectral 
effect that polyatomic species with similar mass within 0.02 amu was also measured 
in the mass analyzer. The relative isotopic ratio of 72Ge to 74Ge is 1.32 in nature. The 
ratio of 70Ge to 74Ge is 1.74. However, the signal ratios of 72Ge to 74Ge and 70Ge to 
74Ge are not consistent with the natural abundance ratios, as shown in Table 5.5. The 
signal ratios are higher than natural abundance ratios and this is the evidence that the 
ion intensity of polyatomic species for 72Ge and 70Ge were added to the signals of 
72Ge and 70Ge.  The interfering polyatomic species of 72Ge are 40Ar32S, 35Cl37Cl, 
40Ar16O2 are listed in Table 5.6. For 70Ge, the interfering polyatomic species are 
y = 164.96x + 341.51 


























36Ar2+, 37Cl17O18O+, 35Cl37Cl+, 36S18O2+, 36S2+, 36Ar36S+, 56Fe16O+, 40Ar16O2+, 40Ca16O2+, 
and 40Ar32S+. The main interfering polyatomic species is 40Ar16O2+. Since the solvent 
used to dissolve the gallium was nitric acid, there is little probable that polyatomic 
species containing sulfur or chlorine will be present in the ICP-MS measurement. 
Since Purdue ICP-MS is filled with argon gas for the plasma, 40Ar16O2 is the most 
probable interfering polyatomic species for 72Ge. On the other hands, 40Ar34Ar and 
37Cl2, the interfering elements of 74Ge, have little possibility to be produced so that 
74Ge is less affected by spectral effect. 
To obtain reasonable concentration of 72Ge and total Ge, a mathematical 
correction using the naturally occurring isotope ratio is required. The relative nature 
abundance of germanium isotopes is shown in Table 5.3. Table 5.4 lists the ICP-MS 
results for 70Ge, 72Ge, and 74Ge for the standard added sample with 1 ppb, 2 ppb and 3 
ppb of germanium concentration in 4% nitric acid, the made with germanium 
standard solution. From the 74Ge concentration result, 250 ppb, the 72Ge and total Ge 
concentration was calculated based on the nature abundance. Since the ratio of 74Ge 
to 72Ge is 1.32, 72Ge concentration in 7N gallium was estimated as 190 ppb. 
Therefore, the derived total Ge concentration is 690 ppb. This result agrees with the 









Table 5.6 Interfering polyatomic species for Ge, Fe and Zn (adopted from [44]) 
 
Element Isotope Interfering Polyatomic Species 
Ge 
70Ge 
40Ar14N16O+, 35Cl17O18O+, 37Cl16O17O+, 34S18O2+, 
36S16O18O+, 36S17O2+, 34S36S+, 36Ar34S+, 38Ar32S+, 
35Cl2+ 
72Ge 
36Ar2+, 37Cl17O18O+, 35Cl37Cl+, 36S18O2+, 36S2+,  
36Ar36S+, 56Fe16O+, 40Ar16O2+, 40Ca16O2+,  40Ar32S+ 
73Ge 36Ar21H+, 37Cl18O2+, 36Ar37Cl+, 38Ar35Cl+, 40Ar33S+ 
74Ge 40Ar34S+, 36Ar38Ar+, 37Cl37Cl+, 38Ar36S+ 
76Ge 36Ar40Ar+, 38Ar38Ar+, 40Ar36S+ 
Fe 
54Fe 
37Cl16O1H+, 40Ar14N, 38Ar15N1H+, 36Ar18O+, 
38Ar16O+, 36Ar17O1H+, 36S18O+, 35Cl18O1H+, 
37Cl17O 
56Fe 
40Ar16O+, 40Ca16O+, 40Ar15N1H+, 38Ar18O+, 
38Ar17O1H+, 37Cl18O1H+ 
57Fe 
40Ar16O1H+, 40Ca16O1H+, 40Ar17O+, 38Ar18O1H+, 
38Ar19F+ 
58Fe 40Ar18O+, 40Ar17O1H+ 
Zn 
64Zn 
32S16O2+, 48Ti16O+, 31P16O21H+, 48Ca16O+, 32S2+, 
31P16O17O+, 34S16O2+,  36Ar14N2+ 
66Zn 
50Ti16O+, 34S16O2+, 33S16O21H+, 32S16O18O+, 32S17O2+, 
33S16O17O+, 32S34S+, 33S2+ 
67Zn 
35Cl16O2+, 33S34S+, 34S16O21H+, 32S16O18O1H+, 
33S34S+, 34S16O17O+, 33S16O18O+, 32S17O18O+, 
33S17O2+, 35Cl16O2+ 
68Zn 
36S16O2+, 34S16O18O+, 40Ar14N2+, 35Cl16O17O+, 
34S2+,36Ar32S+, 34S17O2+, 33S17O18O+, 32S18O2+, 
32S36S+ 
70Zn 
35Cl35Cl+, 40Ar14N16O+, 35Cl17O18O+, 37Cl16O17O+, 






As shown in Table 5.7, the signal of ion intensity in only the germanium 
standard solution diluted from 10 ppm to 1 ppb (Figure 4.1, Table 4.6) is 4 to 6 times 
higher than germanium standard added sample. (Table 5.5) This signal suppression in 
the gallium with germanium standard solution was caused by a matrix effect (non-
spectral interference) due to the presence of high amount of gallium in the sample. 
Although 74Ge concentration was obtained reasonably, matrix effect was present. 
 











70Ge 6 804 1710 3149 
72Ge 53 1088 2271 4185 
74Ge 25 1457 3033 5600 
 
5.2.2 Germanium Detection in 6N Gallium 
Gallium concentration of 6N stock solution sample that was dissolved in 4% 
nitric acid was 1501.6 ppm as measured by ICP-MS. The 72Ge and 74Ge isotopes were 
measured and these results are presented in the Table 5.7. As listed in Table 5.7, the 
74Ge signal increases as the concentration of the Ge added standard solution increases. 
However, the 72Ge signals in Ge standard added samples were all similar in value. 
(Table 5.8) Furthermore, the stock solution has a higher value than the standard added 
samples which is unreasonable.  
To clarify the reason why 72Ge signals show this unreasonable tendency, the 






















72Ge 142 1743 1332 1273 1241 1338 
74Ge 63 65 88 211 351 622 
74Ge/72Ge 0.440 0.037 0.066 0.167 0.283 0.465 
 
The nature abundance ratio of 74Ge to 72Ge is 1.32. However, the signal 
ratio is much less than 1.32. It is hence concluded that there were spectral 
interferences due to other polyatomic species with similar mass as 72Ge. Interfering 
polyatomic species for 74Ge are 40Ar34S+, 36Ar38Ar+, 37Cl37Cl and 38Ar36S in Table 5.6 
[44]. Since nitric acid was used as a matrix to dissolve gallium, the sample was free 
from sulfur or chloride ion. Consequently, the 74Ge signal is not significantly affected 
by polyatomic species.  
On the other hand, the polyatomic species of 72Ge are 36Ar2+, 37Cl17O18O+, 
35Cl37Cl+, 36S18O2+, 36S2+, 36Ar36S+, 56Fe16O+, 40Ar16O2+, 40Ca16O2+, and 40Ar32S+. 
Among them, the 72Ge can be significantly interfered by 40Ar16O2+ and 56Fe16O+ 
because of the argon plasma is used in ICP-MS and 40Ar occupies 99.60% of argon 
isotopes in nature. Iron is not a common contaminate from the environment and 91.72% 
of iron is 56Fe. Therefore, 40Ar and 56Fe are easily combined with 16O in the ICP-MS 
or during sample loading. Since the detected amount of polyatomic species is not 




As noted in Table 5.8, another reason why the 72Ge signals have fluctuations is 
the matrix effect due to high dissolved solid amount. Such a high dissolved solid 
amount (concentration of 1541.6 ppm gallium) can have a negative impact on the 
droplet formation in the nebulizer or droplet selection in the spray chamber. When the 
concentration is too high, the solution becomes less vaporized because of its high 
viscosity and low volatility and this is connected to the signal suppression as it is 
explained in the previous chapter. This impacts signal suppression in 74Ge detection 
as well as signal fluctuations in 72Ge detection. 
Although the signal of 74Ge was low, it was relatively free from polyatomic 
species interference. Therefore, the concentration of 74Ge in 6N Ga can be derived 
using standard addition method. The concentration of 74Ge in the 1541.6 ppm 
gallium-4% nitric acid sample is 0.012 ppb and the concentration of 74Ge in the 6N 
gallium calculated as 1.589 ppb. Using the natural abundance of the ratio of 74Ge  to 
72Ge, the 72Ge concentration in the 6N gallium is 1.223 ppb. Total Ge concentration 
in the 6N gallium is 4.422 ppb, which is much smaller than found in the 7N gallium. 
However, the stock solution signal of 74Ge is too small and little different from blank 
signal, it is concluded that there is little presence of germanium in the 6N gallium or 
the germanium concentration in the 6N gallium is below the detection limit of the 






Figure 5.2 The calibration curve of 74Ge detection in 6N gallium 
 
5.2.3 Iron Detection in 6N and 7N Gallium 
Iron was measured by ICP-MS for the 7N gallium in the medium resolution 
mode with 4000 resolving power, with a gallium concentration was 1653.2 ppm in 4% 
nitric acid. Samples were composed of blank, stock solution and Fe standard added 
samples from 0.5 ppb to 3 ppb for the standard addition method analysis. The results 
of the measurement are shown in Table 5.9. 
In addition, iron in 6N gallium was measured by ICP-MS with 186 ppm 
gallium concentration in 2% nitric acid. Also blank, stock solution and Fe standard 
added samples from 1 ppb to 3 ppb were prepared for the standard addition method. 
These samples were also measured in the medium resolution mode. The results are 
represented in Table 5.10.  
y = 279.9x + 3.4291 








































56Fe 899 1918 814 5247 1326 1826 
40Ar40Ar 3.42x106 1.16 x106 1.06 x106 9.61 x105 8.48 x105 7.94 x105 
 
















56Fe 524 3268 3535 8.50 x104 6387 
 
Several problems were detected in the iron signals in 7N Gallium. First, the 
stock solution signal was higher than 1 ppb Fe standard added sample’s signals even 
though 1 ppb Fe standard added sample contained greater iron concentration than the 
stock solution. Furthermore, the standard added sample did not have an increasing 
tendency with same difference in the Fe standard added samples. The signal of 1 ppb 
Fe standard added sample is higher than the signals of 2 ppb and 3 ppb Fe standard 
added samples.  
In the 56Fe ion intensity signal of the 6N gallium, the signal of 2 ppb Fe 
standard added sample was significantly higher than other two Fe standard added 
samples. Hence, the iron concentration in the 6N gallium is not able to be derived 
using standard addition method analysis. However, the stock solution signal is lower 




added sample is taken as an exception, the iron presents in the 6N gallium below 1 
ppb in the 186 ppm gallium-2% nitric acid sample. In other words, the 56Fe 
concentration in 6N gallium is less than 1 ppm.  
There are three possible reasons for unreasonable results of iron detection in 6N 
and 7N gallium. Major reason is spectral interferences. The interfering polyatomic 
species for 56Fe are 40Ar16O+, 40Ca16O+, 40Ar15N1H+, 38Ar18O+, 38Ar17O1H+ and 
37Cl18O1H+, as listed in Table 5.6. The combined molecules of argon plasma and 
oxygen and hydrogen from the air, 40Ar16O+, 38Ar18O+, and 38Ar17O1H+, may distort 
the iron signals. The mathematical corrections using natural abundance ratio that was 
applied in the germanium detection, cannot be applied to the iron detection. The 56Fe, 
which is significantly interfered by polyatomic species, occupies 91.66% in the iron 
isotopes. Since the proportions of other iron isotopes in nature which are not affected 
by spectral interference are small, the concentration of other iron isotopes in high 
purity gallium is too low to obtain reasonable signal amplitude in ICP-MS 
measurement. Another possibility is the contamination. Iron is well contaminated 
from the environment and the laboratory where the samples were prepared and 
measured by ICP-MS was surrounded by iron materials. Fume hood is made of iron 
and the exterior of ICP-MS is made of iron. In the 7N gallium samples, the stock 
solution can be more contaminated than standard added samples. Also, 2 ppb Fe 
standard added sample in 6N gallium samples can be more contaminated than other 
samples. The third possibility is that the iron concentration in 6N and 7N gallium is 




To deal with the spectral interference in iron detection, cool plasma technology 
can be introduced. Cool plasma technology is the usage of lower power and higher 
nebulizer gas flow rate in the ICP-MS measurement. Typical power and nebulizer gas 
flow rate which was measured so far is 1000~1400W RF power and 1.0 L/min. 
nebulizer flow rate. In the use of cool plasma, the RF power is about 500 through 800 
W and 1.5 through 1.8L/min nebulizer gas flow rate. The cool plasma technology can 
be used only the elements that has small ionization energy because the energy of 
plasma of the cool plasma is lower than typical plasma. The 1st ionization energy of 
iron is 762.5 KJ/mol (7.9eV) and it is enough to be ionized by cool plasma [24]. Also, 
spectral interference can be improved by using high resolution mode with resolving 
power 10000.  
 
5.2.4 Zinc Detection in 6N and 7N Gallium 
Zinc was also measured by ICP-MS for the 7N gallium sample with 1653.2 ppm 
gallium concentration in 4% nitric acid and for the 6N gallium sample with 186 ppm 
gallium concentration in 2% nitric acid.  Sample composition is same as iron’s, but 
for samples composed of only Zn standard solution from 1ppb through 3ppb were 
added for the external calibration in the 7N gallium measurement. The results of 7N 
gallium measurement are shown in Table 5.11 and the results of 6N gallium 
measurement are shown in Table 5.12.  The Table 5.13 is the signals of Zn ion 























66Zn 37 926 883 2 755 807 
40Ar40Ar 1.53x106 1.79 x106 1.57 x106 1.10 x106 1.44 x106 1.28 x106 
 
















66Zn 524 3268 1121 1230 3526 
 











66Zn 60 3.15 x104 4.90 x104 967 
40Ar40Ar 3.42 x106 3.40 x106 3.37 x106 3.38 x106 
 
The zinc isotopes that primarily occupy nature are 64Zn, 66Zn, and 68Zn. The 
portion of 64Zn is 48.6%, 66Zn is 27.9%, and 68Zn is 18.8%. One of the isobaric 
interfering elements of 64Zn is 64Ni. The cone, which transports ion from plasma 
region to mass spectrum analyzer, is made of nickel in the Purdue ICP-MS. The 
sample is necessarily contaminated by nickel during measurement and consequently 




largest proportion in zinc isotopes. The intensity of 68Zn is the third largest proportion 
of zinc isotopes but the mass of 68 is close to the mass of gallium, 69.72 amu. Since 
high gallium amount which excess the tolerance limit of the ICP-MS for the detecting 
element is contained in the sample, 68Zn measurement is not also appropriate for zinc 
concentration determination. Therefore, the isotope of 66Zn was selected for the 
determination of zinc concentration in 6N and 7N gallium. 
The interfering polyatomic species of 66Zn are 50Ti16O+, 34S16O2+, 33S16O21H+, 
32S16O18O+, 32S17O2+, 33S16O17O+, 32S34S+, and 33S2+ in the Table 5.6. Since the 
gallium-nitric acid sample was free from sulfur and titanium, the measurement of 
66Zn is not interfered by those polyatomic species. However 66Zn can be also 
interfered by hydroxide 31P18O10OH+, which comes from the combination of 
phosphorous, oxygen from air in the ICP-MS or sample preparation and hydroxide 
ion from water, so the sample for 66Zn determination should be free from 
phosphorous.  
The medium resolution mode which resolving power was 4000 was used. The 
reason that high resolution mode was not used was the signal amplitude of ion 
intensity was significantly decreased in the use of high resolution mode. While the 
signal amplitude of iron is enough high to use high resolution mode, the signal 
amplitude of zinc ion intensity is ten times lower than iron ion intensity. Therefore, 
medium resolution mode was selected for zinc detection. 
Similar to the iron measurements, the stock solution signal was higher than 
standard added samples’ signals in both 6N and 7N zinc detection. Also, there was no 




concentration of standard solution increased. As listed in Table 5. 11 for 7N gallium, 
the results of 40Ar40Ar, argon gas flow rate measurement, for each sample, were 
decreased with time. That means the sampling efficiency of ICP-MS measurement 
was decreased. The reason of diminished ICP-MS is probable that the nebulizer 
clogging was occurred due to high amount of total dissolved solid. Incompletely 
dissolved gallium particles because of too high amount of dissolved gallium in the 
sample might cause inappropriate production of droplets and vaporizing molecules in 
the nebulizer and not uniformed particle selection in the spray chamber and it might 
be connected to signal fluctuation.  This is the matrix effect due to high amount of 
total dissolved solid and major reason of unreasonable result in 66Zn detection. 
Zinc is a common contaminant from the environment. Human hair and skin 
have plenty of zinc. Cosmetics is also a source of the zinc. Care should be taken 
during the sample preparation to avoid these contaminations. Sample preparation 
procedure was avoided from these contamination sources as possible by preparing in 
the cleanroom with wearing cleanroom suit. However, there is a possibility the 
gallium sample was contaminated during delivery before the sample preparation or 
during ICP-MS measurement.  
In the zinc detection for 1ppb Zn standard added sample of 7N gallium, there 
was radical signal drop. After comparing 66Zn and argon gas flow measurement with 
the measurement results other samples that was measured before and after 1ppb Zn 
standard, it only the results 1ppb Zn standard added sample are unreasonable. The 
argon gas flow at the measurement of 1ppb Zn standard added sample also abruptly 




samples. Base on the fact that argon gas flow signal was also decreased, the plasma 
may have cooled. This may be caused by high acid concentration which exceeds the 4% 
[22].  
In the 66Zn detection of 6N gallium, the signal did not increase with same 
difference though it showed increasing tendency between standard added samples. 
Furthermore, the stock solution’s signal was higher than standard added samples’ 
signals even though the stock solution had smaller quantity of zinc than standard 
added samples’. As discussed in the 7N detection, there are possibilities such as 
contamination, high amount of dissolved gallium in the sample, though it was 168 
ppm, much lower than 1653.2 ppm and zinc presence below the detection limit in the 
sample. 
 
5.3 Summary of Ge, Fe and Zn Detection in 6N and 7N Gallium  
The reasonable results for the 74Ge detection in 6N and 7N gallium were 
obtained because the 74Ge is not affected by spectral interference. From the standard 
addition method analysis, the 74Ge concentration in 6N gallium is 1.589 ppb and 74Ge 
concentration in 7N gallium is 250 ppb. Total germanium concentration can be 
obtained when the mathematical correction is applied using the natural abundance of 
isotope ratio. From the correction, total germanium concentration in 6N gallium is 
4.422 ppb and that in 7N gallium is 690 ppb. Although the results of 74Ge detection in 
6N and 7N has reasonable tendency for standard addition method analysis, there was 
signal suppression in all result signals due to matrix effect from high dissolved 




 The results for the 56Fe detection in 6N and 7N gallium were unreasonable in that the 
signal of stock solution signals was higher than the signals of Fe standard added 
samples in 7N gallium and the signals in the Fe standard added samples did not 
increase, as the concentration of the Fe standard added increased in both 6N and 7N 
gallium. These results were caused by contamination, spectral interference, and low 
concentration of iron below the detection limit of ICP-MS in the 6N and 7N gallium. 
This can be improved by applying cool plasma technology and measuring in high 
resolution mode.  
The results of the 66Zn detection in 6N and 7N gallium were also unreasonable. 
The stock solution signal was higher than the Zn standard added samples’ signals 
even though there was increasing tendency between Zn standard added samples’ 
signals in 6N gallium. In 7N gallium, the stock solution signal was also higher than 
the Zn standard added samples’ signals and all signals in samples were similar except 
for the 1ppb Zn standard added sample. There was radical signal decrease in 1ppb Zn 
standard added sample and it may be caused by high concentration of nitric acid that 
exceeded 4% and high dissolved gallium in sample. The dominant reason of 
unreasonable results for 66Zn detection in 6N and 7N gallium is the matrix effect due 
to high dissolved gallium.  
 
5.4 Future Work 
As discussed in the previous sections, there were signal depression and drift 
because of high dissolved solid amount. To avoid the signal interferences due to a 




However, impurities concentration in 6N and 7N is so tiny that cannot be measured 
even in the ICP-MS with ppt level detection limit, if the sample is diluted [42].  
Another method that maintains the impurity amount is matrix separation.  
When an organic solvent is added to the sample, the matrix is combined with the 
organic solvent and elements that do not combine with the organic solvent separated 
from the matrix and organic solvent, producing a separated layer. Using the density 
difference between the layer with the combination of matrix and organic solvent and 
other impurity elements, the matrix can be extracted. To achieve the concentration of 
analyte that satisfies reliable signals in the ICP-MS, the matrix extraction and analyte 
concentration should be repeated several times [45].  
MIBK (methyl isobutyl ketone) and MEK (methyl ethyl ketone) are used to 
extract the gallium [46]. Since some elements are co-extracted with gallium, different 
type of organic solvent is used, which depends on the analyte. For the detection of 
iron and zinc, MIBK can be applied. However, MEK can be applied to germanium 
detection instead of MIBK because germanium is co-extracted with gallium in the use 
of MIBK. 
To extract the gallium using organic solvent, different types of acid and PH 
conditions are required, which depends on each organic solvent. For the use of MIBK, 
gallium should be dissolved in the mixture of hydrochloric acid and nitric acid. The 
PH is adjusted with tartrate solution and APDC (ammonium pyrrolidine 
dithiocarbamate) solution. The use of hydrochloric acid to dissolve the gallium is 




For the use of MEK for germanium detection, sulfuric acid is used after 
dissolving gallium in nitric acid. The role of sulfuric acid is to fix other elements not 
to be co-extracted with gallium. After addition of sulfuric acid to sample, nitric acid is 
evaporated. Because of evaporation procedure, pressurized digestion system is 








CHAPTER 6. CONCLUSION 
To achieve 200 million cm2/Vs in the 2DEG that is confined in the 
AlGaAs/GaAs heterostructures by MBE growth, the impurity concentration of 
gallium should be reduced to 1 ppb level. Currently, commercial 7N gallium with a 
100 ppb impurity level is used in the MBE at Purdue.  The gallium will be purified by 
zone refining to attain 1 ppb total impurity concentration To evaluate the commercial 
7N gallium and establish the techniques to evaluate the gallium after gallium 
purification by zone refining, impurity concentration of 6N gallium and 7N were 
measured by the Purdue ICP-MS. Germanium, iron and zinc were selected as the 
initial detection element by ICP-MS under the consideration of GDMS results for 7N 
gallium, importance in the MBE and distribution coefficient.  
Liquid type ICP-MS samples were prepared in a class 100 cleanroom. Solid 
ingot samples of 6N and 7N gallium were dissolved in 56% nitric acid and diluted to 
4% acid concentration. The concentration of stock solution was 1653.2 ppm in 7N 
gallium 1501.6 ppm (for Ge detection) and 186 ppm (for Fe and Zn detection) in 6N 
gallium. Because of low impurity concentration in high-purity gallium, high 
concentration of dissolved gallium in nitric acid was prepared. The blank, stock 
solution and standard added samples for the germanium, iron and zinc were prepared 
for the standard addition method analysis. The samples were measured in the medium 




           The germanium concentration was obtained as 690 ppb in the 7N gallium and 
4.422 ppb in the 6N gallium. The 690 ppb germanium concentration in the 7N 
gallium agrees with the GDMS result of 440 ppb germanium concentration in the 7N 
gallium. The concentration of iron and zinc was not determined because of 
interferences. The dominant interference in iron was the spectral interference and that 
in zinc was the matrix effect due to high dissolved gallium. To overcome the spectral 
interferences, the cool plasma technology and high resolution mode can be applied in 
the iron detection. To reduce the signal suppression due to matrix effect, the gallium 
extraction using organic solvent can be applied. For the germanium detection, MEK 
is used to extract the gallium and MIBK is used for the iron and zinc detection. 
As reported in the GDMS results, high concentration of germanium were 
detected in 7N gallium. This indicates germanium should be primarily purified by 
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